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ATMOSPHERICINVESTIGATIONRELATEDTOAEROTHERMODYNAMICRESEARCH

IN THE90 TO 130 KMREGIONBYMEANSOFTETHEREDPROBES

Final Report , NASAGrant NAGI-876

I. INTRODUCTION

The regionof the earth'satmosphere between 90 and 130 km is,in general,

a region of transition(and slip) flow, where the relevantKnudsen number goes

through 1. At heightsonly slightlyabove 130 kin, the mean-free path of reflected

molecules with respectto the freestream molecules is large enough to permit the

assumption of free-molecularflow and the ordinary laws of molecular gas dynamics.

In other words, the gas flow in that case istypifiedby Knudsen numbers >> 1. At

heights below about 90 kin, on the other hand, the applicableKnudsen numbers

become << 1, and continuum flow and the cla_cal theory of compressiblefluid

dynamics apply. It isin the interveningtransitionregionsthat aerodynamJcistshave

the greatestproblems, especiallyin regard to high Mach numbers, as in the satellite

The transition-flow environment as it applies to satellite orbital dynamics

cannot be realistically duplicated in earth-bound laboratories. This is a matter of

some concern in view of the importance of the transition region in regard to satellite

reentry and similar problems involving the effects of atmospheric drag at low heights.

The emergence of tether technology promises a way out of this dilemma by making

it possible to utilize the atmosphere itself as a _wincl tunnel" in the investigation of

the transition regime. There axe some very substantial problems to be overcome if

this approach is to be successful, however. Not the least of these is the need to know



the density and other relevant properties of the ambient atmosphere that would apply

to the aerothermodynaaxlic measurements.

Our knowledge of the earth's atmosphere above 90 km has increased

enormously in the past 30 years,mostly as the resultof satellite-basedexploration.

However, thereisone regionof the upper atmosphere that has only been observed by

direct means in sporadic rocket flightsand about which there are stillmany

unanswered questions. That region essentiallycoincideswith the transition-flow

region between 90 and 130 kin. Atmospheric physicistsusuallyreferto itas the

lower thermosphere, but for a long time it was often jokingly called the

_ignorosphere'--asmuch a reflectionof the difficultiesassociatedwith the interpreta-

tionof data from that regionat the time as of the paucityof such data itself.We

now have a good pictureof the physicalprocessesthat affectthe region,but the

of adequate data remains. Since the lower thermosphere plays an extremely

important role in the physics of the upper atmosphere, this is a com:ern of

atmospheric scienceas well as aerothermodynamics.

There isa very good chance thatthe data thatare needed by both atmospheric

science and aerothermodynamics could be obtained by _tetheredp_bes deployed

downward from the Shuttleor some other vehicleorbitingat greaterheight.



The feasibility of spaceborne tethers has been already ascertained, at the time

of writing of this Final Report. In Summer1992 a first attempt of deploying from
a Shuttle Orbiter a 20 Kmtether was not succesful. Becauseof mechanical difficulties,

only 200 meter of tether were released by the Shuttle. However, three tether missions
followed since Summer1992, and all were highly succesful. These were of a tether

class called SEDS( Small Expendable Deployment Systems), mountedonboard a Delta II

rocket. SEDS-I went in orbit in March 1993, an electrodynamic tether called PMG(Plasma

Motor Generator) was launched in June 1993, and a SEDS-2was orbited in March 1994. Both

SEDS-I and SEDS-2had tethers with 20 Kilometer lenght. Wedo believe that enough ex-

perience has been gained with spaceborne tethers, that an atomospheric mission should be
now taken again into consideration. Should the cost of a Shuttle borne atmospheric experi-

ment of the TSS-2 class ( that was studied, but never implemented) be found to be too high,
we could perform an experiment using a SEDSdeployer. This would reduce the cost by a

factor of about 50 to i00, when comparedto the cost of a TSS-2.



2. TECHNICAL DISCUSSION

The tethered satellite offers the following capabilities for use in an atmo-

spheric mission :

- keep an instrumented payload down to a height of 125 Km, for a few

days ( by using an ellipical orbit, we could reach a lower perigee, at

about 105 Km, for a duration of a few orbits)

- we could attach along the tether, for all its length ( say, I00 Km) measure-

ment devices ( say, one every 10 Km), so that we could simultaneously measure

the vertical gradients of the parameter under observation ( temperature,

density, etc.), as well as measure the gradients of the same parameters

along the direction of motion of the system in its orbiting around the

Earth. There is only the tether that makes it possible to perform these

gradient measures.

- we could attach to the end of the tether a re-entry capsule, capable of perform-

ing measurements from orbital height, through the re-entry region, down to the

upper atmosphere. The tether could be kept attached to the capsule (while it

would be cut free at the other end), and it would act as a brake, thus reduc-

ing the temperature of the capsule to about 500 K. Once the capsule is in the

atmosphere, a parachute could be deployed, and we could recover the entire

package for future flights.

The potential of the tether compares favorably with other atmospheric missions al-

ready launched or under consideration, such as UARS, ISTP, and TIMED. With specific regard

to TIMED, we see a tethered atmospheric mission, especially if using a SEDS, as a low-

cost precursor of the more costly and more complex twin-satellite TIMED mission. A SEDS

flight would generate information with a very short waiting time, and this information

would arrive early enough to be of use in the design work of TIMED, taking into account

the delay in development schedule that TIMED is experiencing at this time.

Among the measurements that could be carried out with the tethered atmospheric mission,

there are measures of parameters that have substantial relevance in "Global Change" research.

Recent studies suggest that the injection of trace gases, such as carbon dioxide and methane

in the atmosphere will cause a warming in the troposphere. It has been also determined

that, additionally, the increased concentration of these gases will give rise, conversely,



to a greater infrared cooling in space, so that a "Greenhouse Cooling" is predicted

at heights as large as the thermosphere and the ionosphere ( 80 to 500 Km altitude).

This is the height band that the tethered satellite would probe. Since many atmospheric

chemical reactions depend on temperature, as well as on the vertical structure of

the atmosphere, the vertical profile of such species as NO, O, 03, H20, OH, H02, CO,

H, and others should show a veryical readjustment. This readjustment, as well as the

temperature profile could be very effectively observed with the tethered satellite,

suitably equiped with sensors.

To summarize the parameters that should be measured, we prepared the following

list :

1) NeutraJ Atmosphere

• Density

, Composition

• Temperature

• Winds

• Minor Constituent Fluxes

2) Charged-Particle Atmosphere

• Density

• Ion Composition

• Plasma Temperatures

• Winds

• Current

• Vector Magnetic Field

3) Waves and Tides

• Temporal and Spatial Gradients in the Neutral and

Charged Parameters

4) Induced Environment

• Density, Composition and Temperature Perturbations

• Ionization

• Photon Production

• Gas-Surface Interactions(Scattering)

• Spacecraft Potential



It is clear that, while a single atmospheric science mission could

provide data of enormous value, a number of missions willbe required to

provide the necessaryglobalcoverage and to fullydelineateboth the longer-

term and the transitoryeffects(such as those associatedwith geomagnetic

disturbance a_,d wave phenomena). In this connection, some of the

atmospheric scienceissues willrequire polar or near-poIaxorbits for their

resolution,while lower-inclinationorbitswillbe important to the resolution

of others. A low-inclinationorbit for the firstmission(s)would be quite

acceptable, with higher-inclinationmissions to follow. Note too that

resolutionof some of the issueswilleitherrequire (as in the case of flux

determinations)or willbe very significantlyenhanced by simultaneous data

obtained at differentheights. We do not expect--or advise--that more

than a singleinstrumented probe be provided in the firstmission(s).There

is a definiteneed for some two- or three-probe combinations eventually,

however.

We currentlysee no compelling need for in _'tuobservations below

100 kin. Admittedly, thiswould leavesubstantialgaps in the observational

data ba_e in the 80_00 km region,but the benefitsof lower altitudemissions

do not seem su_cient to waxrant an attempt to overcome the very

substantialproblems involved in deploying a tethered probe below the 100

km level.Assuming that adequate data are obtained at 100 km and above,

it should be possibleto interpolateacross the remaining gaps fairlyeasily.

A height of 125-130 kln for the firstmission is acceptable.

Atmosphere Exp[orer-C demonstrated the feasibilityof making atmospheric

observationsat orbitalvelocitiesat a heights as low as 130 km and thereno

problems axe anticipatedin the utilizationof existing instrumental tech-

niques clown to about 125 kin. Valuable data, especiallyin regard to the

ionosphere,could also be obtained at greater heights (130-1,50 k.m). In

subsequent missions,itwillbe necessaryto go to significantlylower heights.

This will require some new development to overcome the complications

imposed by the induced environment and this work should be initiatedas

soon as possible. While the ultimate goal of I00 km may not be reached

untilearly in the next century, a heightof 115 km by the year 2000 would

seem to be an achievable goal for the near future.



The experimental requirements, as we see them, can be summarized

as follows:

• Simultaneous measurements of most of the pararneterslistedin

the preceding section

• Pointing control to ± 3°

• Pointing knowledge to < :i:0.I°

• Payload mass of 50-100 KG

• Power/energy of i00 watts for _ days

• T.S. position to 100 meters

• 100 KBS TM rate

• _> 32 each 32 bit command words _ IKBS

• Orbital inclinationfrom 28° to 90° (early fl/ghtsat low

inclinationswith subsequent evolutionto polar)

• Altitudesfrom 135 to lowestachievable(recommend firstfl/ght

at 130-125 kin, decreasing at a rate of _ 5 kin/flight).

• Deployment duration of 1-5 days, with near-continuousmeas-

uring.



3. CONCLUDING REMARKS

From this brief investigation, the potential of a tethered atmospheric mission

emerges clearly. There is absolutely no other system that can determine the verical

gradient of atmospheric properties in the "ignorosphere", with measurements performed

simultaneously along the entire tether length. In addition, very low altitudes, such as

125 Km, can be probed for lengths of time that are not feasible with any other approach.

There are challenges that must be addressed , such as the length of the tether ( we might

need 150, or even 200 Kilometer),the diameter of the tether ( it might be required a

diameter even smaller than the diameter of the SEDS tethers , about 0.8 mm), the design

of the surface orifice to be used by an instrument such as a mass spectrometer, the

energy and momentum transfers between the freestream and the surface of the tethered

satellite, etc. It does not seem, however, that any of these challenges represent a

"show stopper", so that the investigation of the atmospheric mission should be included

by NASA in the formulation of the Agency's plans for spaceborne tethered systems.
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THE IMPACT OF TETHERS ON ATMOSPHERIC SCIENCE

Jack W. Slowey

Harvard-SmithsoniLa Center for Astrophysics
C_bridge, Maz_achusetts 02138

89.1565-CP

Abstract

A program of atmospheric research that utilized

:ethereal probes to explore the earth's lower thermosphere
_ould have an enormous impact on atmospheric science.

_uch a program would resolve most of the remaining
issues we have in regard to the thermosphere-ionosphere-

magnetosphere system, the response of that system to
solar variability, and the possible coupling of that system

with lower levels of the atmosphere. It would also
contribute greatly to our understanding of similar systems

in the atmospheres of some of the other planets and pave
-he way for eventual exploration of their atmospheres by

!ike means. This paper briefly examines several issues
reiated to the dynamics of the lower thermosphere and

discusses how m sltu investigations by means of tethered

probes could resolve them.

[. Introduction

The region of the earth's atmosphere between 90
and 130 km is one of great interest to atmospheric

science. In terms of the neutral atmosphere, this region
is referred to as the lower thermosphere. It is also the

Location of the E-region of the earth's ionosphere. It is of

in:crest because it is the region where most of the energy
that drives the atmosphere at greater heights is absorbed

and because it is the primary' site of the coupling that
exists between the neutral and ionospheric atmospheric
domains and between those domains and the earth's

magnetosphere.

The primary energy source for the earth's upper
atmosphere is the solar EUV radiation that is absorbed in

the lower thermosphere. The heating that results from
EUV absorption is, in fact, responsible for the reversal

in the temperature gradient (i.e., the mesopanse) that
defines the transition from the mesosphere to the thermo-

sphere and determines the temperature ultimately rear.hed
at greater heights, in what is termed the exosphere.
The solar EUV varies significantly both with the ll-year

solar cycle and on a day-to-day basis in connection with
the solar rotation and changes in active ere_ on the
surface of the sun. The upper atmosphere is also heated

in response to corpuscular radiation from the sun and the
magnitude of this can equal or exceed that of EUV for

short periods of time in high latitudes. One such source
of heating is particle precipitation, primarily in the

dayside cusp region. Another, more important, source is

the E-region ionospheric currents that are driven by the
field-aligned current system connecting the ionosphere and

magnetosphere. The E-region currents heat the neutral
atmosphere mainly by momentum transfer (i.e., ion drag),

but Joule heating probably plays a role as well. All of
the energy sources resulting from corpuscular radiation

This paper is declared a work of the U.S. Government and is

not subject to copyright protection in the United Statee.

vary quite dramatically in response to the changes in the
solar wind that are associated with geomagnetic distur-

bance and the aurorae.

There is another instance of coupling between the

neutral atmosphere and the ionosphere that makes this

region of special interest to atmospheric science. The
pressure gradients a_ociated with thermospheric heating
result in horizontal winds in this region that, among other

things, have a major effect ou the charged-particle motion.
The neutral winds are responsible for transporting ioniza-
tion to the night-time regi.on of the atmosphere and for

energy dissipation and momentum transfer by dynamo

action in dragging the ions across magnetic-field lines.
Coupling between the magnetosphere and ionosphere also

operates in the reverse direction in that there is a very

significant outflow of plasma, by several mechanisms,

from the ionosphere to the magnetosphere. 1

Thus, it can be seen that in many ways the neutral

upper-atmosphere, ionosphere, mad magnetosphere com-
prise a single system in man's near-space environment
and that the main keys to a better understanding of that

system are to be found in the 90-130 km region.
Unfortunately, the only m 8itu observations of that region

that we have come from sporadic rocket flights, which are

lacking in both spatial and temporal coverage. Most of
what we know about this region has, in fact, been

inferred from ground-based observations of the region,

which quite limited both in kind and spatial coverage, and
from observations made by instrumented satellites of

atmospheric conditions at cowiderably greater heights.
That, and theoretical models of the upper atmosphere,
which have now reached a high level of sophistication.

The space available here doesn't permit even a
brief discussion of the hiltoricai background, but a very

co_iderable investment hM c _arly been made in develop-

ing our current underetandi . of the 90-130 km region
and its importance to the physics of the upper atmo-

sphere. What remains now is to obtain the data that are
required to finish tim job. For the most part, that will
require m a/tu observation on a global basis and is a
task for which a tethered atmospheric probe, flown in

multiple missions, appears to be uniquely qualified.

Such a program of observation, properly con-
ducted, could resolve all of the issues stillconfronting

atmospheric science in regard to the near-space environ-

ment. Those issues axe many and we can't hope to

discussallof them here. Instead, we willfocus on some

of the major issuesthat relateto the important question

of the dynamics of the lower thermosphere and show how

tether-aasistedin situ oLmervatiouswould act to resolve

them.
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H. Tidal structure

The EUV heating drives a complex system of

thermospheric tides. At heights above 200 kin, the tidal
variationsof the various atmospheric constituentsare

primarily diurnal in nature. What data we have for

heights below 200 km indicatesthat the tidestake on a

pronounced semidlurnal character at lower heights,how-

ever. This is due mainly to changes in the horizontal

distributionof the EUV heating as the atmosphere

changes from being opticallythin to being opticallythick.

Yet, while we understand this and other aspects of the

tidalforcingfairlywell,the detailsof the tidalstructure

in the lower thermosphere, where the situationis further

complicated by the possible upward propagation of the

mesospheric tidesthat resultfrom ozone absorption,2 are

entirelya matter of conjectureat this point.

Theory and observation have been combined with

eoniderable success in modeling the tides at greater

heights.3 There islittledoubt that this successcould be

extended to the lower thermosphere ifthe amplitudes and

phases of the differenttidal modes could be isolated

observationallyunder a variety of conditious.

IIL Wind Structure

The pressure gradients associatedwith the tides

give riseto global winds and the high-latitudeionospheric

convection also generates a complex pattern of winds,

with magnitudes that vary considerablywith the levelof

geomagnetic activity.The importance of thesewinds and

the corresponding ion driftsto our understanding of the

coupling between the thermosphere, ionosphereand mag-

netosphere and between the ionosphere and current

systems closerto the earth'ssurface has been recognized

for a long time.

Until fairly recently,observationsof the neutral

horizontal-windfieldon anything likea global basis has

been extremely limited,even at greater heights. Full-

vector wind measurements were made on the Dynamics

Explorer 2 spacecraft,4 however, and these and related

measurements have contributedgreatlyto our understand-

ing of thermospheric dynamics and our abilityto model

them.5 Similarmeasurements made in the lower thermo-

sphere would, of course,be of even greaterconsequence.

IV. Turbulence and Maim Transport

At a short distance above the mesopause, the

atmosphere undergoes a transition from turbulent mixing

to diffusive separation. This transition does, of course,
have a very profound effect on the structure of the

atmosphere above it and there is now considerable

evidence from observations at greater heights that the

height of thistransitionregion,the so-calledturbopause,

may be subjectto variationin a varietyof ways.

The problem here is that, while the distinction is
obviously important to our understanding of thermo-

spheric dynamics, it is virtually impos._ible to distinguish
between the real changes in turbopsuse height that would

result from changes in the eddy diffusion coefficient and
the effects of vertical winds in the vicinity of the
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turbopause on the basis of observations made at greater

heights. At heights considerably closer to the turbopause,

however, there isa good chance that observationsof the

concentrationsof a number of minor constituentshaving

differentmolecular weights will permit these two effects

to be separated.

V. Waves

Traveling disturbancesin the ionospherewere first

reported by Munro 6 over 40 years ago. Shortly after

that, Martyn 7 suggested that these disturbances were

associated with gravity waves in the neutral atmosphere.

This idea was later developed by Hines g as an explanation

of the ionospheric motions and other phenomena, such as
the winds deduced from meteor trails. Hines gave no

specific origin or origins for the waves, but suggested that
they originatedin the lower levelsof the atmosphere.

Waves that could be identifiedas gravitywaves were first

actually detected in the neutral atmosphere at heights

between 28B and 510 km by density gages on the

Explorer 32 satellRe.9 Subsequently, wave structuresin

the neutralupper atmosphere have been observed in data

from a number of in situexperiments.

Much of the wave structure observed in the

neutral upper atmosphere seems to be associated with

magnetic storm activity and to originate in the auroral
regionsof the }ower thermosphere. Gravity waves gener-

ated by the effectsof magnetic disturbances in these

regionsare,in fact,seen as a likelymechanism by which

the energy of such disturbances is transported to lower

latitudes. Some of the observed medium-scale gravity

waves may originate in the troposphere, however.lO,11

There has been extensive development of the

theory of gravity waves in the thermosphere since the
pioneering work of Hines. We cannot give a complete
account of that development, but the generation and

propagation of acoustic gravity waves in the thermosphere
now appears to be fairly well understood theoreti-

cally.12,13,14 What is needed now is the opportunity to
comps.re the theory with actuLl observations in and near

the low-height regions where the waves presumably
originate.

Concerning waves that might originate at lower

heights in the atmosphere, we have only rather recently
come to realize that such waves may =break" in the region

of the upper mesosphere and lower thermoshere.15,16
This would result in significant sources of mass and

energy at these heights and would have a major effect on

local thermospheric dynamics. It is a matter of consider-
able importance, therefore, to determine from observation

the extent to which such gravity-wave breaking actually
occurs and the effects that are produced.
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